Leptin is involved in the hypothalamic control of food intake and body weight. Fos immunohistochemistry has been used to functionally map leptin target neurons involved in these regulatory processes. However, only a subset of hypothalamic neurons expressing the long form of the leptin receptor (Ob-Rb) also coexpress the neuronal activation marker Fos after leptin stimulation. To functionally map all leptin target neurons, regardless of whether leptin-mediated neuronal activation or inhibition occurs, we immunohistochemically investigated the leptin-induced nuclear translocation of the signal transducer and activator of transcription molecule STAT3, which represents a crucial step in the regulation of leptin-dependent gene expression. As proven by colocalization studies with the nuclear 4Ј,6-diamidino-2-phenylindole dilactate stain, intracerebroventricular leptin treatment, but not intracerebroventricular application of pyrogen-free saline, induced a time-dependent nuclear translocation of STAT3 immunoreactivity in hypothalamic nuclei, with strong nuclear STAT3 signals detectable in the arcuate nucleus, the lateral hypothalamus, and the ventromedial and dorsomedial hypothalamic nuclei. This leptininduced STAT3 translocation pattern proved to be distinct from that induced by interleukin-6, another cytokine using STAT3 in its signaling pathway. Combined immunohistochemical STAT3 and Fos detection after leptin treatment revealed a higher number of STAT3-positive than Fos-positive cell nuclei in the aforementioned hypothalamic structures and showed that Fos immunoreactivity colocalized only in a subset of all leptinresponsive STAT3 nuclei. These results suggest that the detection of nuclear STAT3 immunoreactivity represents a new neuroanatomical tool to functionally map central leptin actions. They further support the importance of ventrally located caudal hypothalamic structures representing the main leptin targets involved in body weight regulation.
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Leptin is a cytokine that acts in the hypothalamus as a hormone to regulate food intake and body weight (BW) (Friedman, 1998; Elmquist et al., 1999; Meister, 2000) . Its discovery has raised questions on the mechanisms and locations of its receptive systems involved in these regulatory processes. Five receptor subtypes (Ob-Ra-Ob-Re) have been identified (Lee et al., 1996; Fei et al., 1997; Leibel et al., 1997; Friedman, 1998) with the second isoform, Ob-Rb, representing the only splice variant capable of full activation of the leptin receptor-specific signal transduction pathway, the Janus kinase signal transducer and activator of transcription (Jak-STAT) signaling cascade (Chen et al., 1996; Lee et al., 1996) . Leptin acts through Jak2 and STAT3 isoforms of this signal transduction pathway (Bjorbaek et al., 1997; Ghilardi and Skoda, 1997) . Leptin receptor activation in vivo resulted in a time-dependent stimulation of STAT3 tyrosine phosphorylation in the rodent hypothalamus (Vaisse et al., 1996; McCowen et al., 1998) , suggesting the presence of functionally active Ob-Rb receptors there. Indeed, in situ hybridization analysis demonstrated the presence of Ob-Rb mRNA in various brain structures, with high levels in hypothalamic nuclei described previously to control body weight regulation, such as the arcuate nucleus (ARC), the paraventricular nucleus (PVN), the dorsomedial hypothalamic nucleus (DMH), the ventromedial hypothalamic nucleus (VMH), and the lateral hypothalamic area (LHA) (Hakansson et al., 1996; Mercer et al., 1996; Cheung et al., 1997; Fei et al., 1997; Guan et al., 1997; Elmquist et al., 1998a) .
To functionally map the actions of leptin on the brain, Fos immunohistochemical studies were performed, revealing Fos induction in all of the aforementioned hypothalamic structures, but with a distinct activation pattern in some of their subnuclei (van Dijk et al., 1996; Woods and Stock, 1996; Elmquist et al., 1997 Elmquist et al., , 1998b Elmquist et al., , 1999 Yokosuka et al., 1998; Niimi et al., 1999; Elias et al., 2000) . Whereas ventrolateral parts of the ARC showed Fos activation, there was an almost complete lack of Fos immunoreactivity in ventromedial areas, an ARC subnucleus with intense Ob-Rb expression. This unexpected observation was explained by an inhibitory leptin action on these neurons not detectable by the neuronal activation marker c-Fos (Elmquist et al., 1998b) . By studying the mRNA expression of SOCS-3, a member of the suppressors of cytokine signaling proteins and a leptin-induced inhibitor of the leptin signaling cascade, a neuroanatomical method that was useful as a marker of direct leptin actions regardless of whether leptin-mediated neuronal excitation or inhibition has occurred, was consequently established (Bjorbaek et al., 1998; Elias et al., 1999) . This method proved to be helpful for the characterization of leptin effects in distinct ARC subnuclei; however, a comprehensive hypothalamic map of direct leptin actions is still missing.
We therefore hypothesized that the combination of central leptin treatment with the subsequent immunohistochemical detection of STAT3 should be a good tool to reveal direct leptin actions on the brain. Various studies examined the distribution of STAT3 immunoreactivity within the hypothalamus Hakansson et al., 1999; Wilkinson et al., 2000) and the whole CNS (Strömberg et al., 2000) . However, a functional analysis studying the leptin-induced nuclear STAT3 translocation within hypothalamic nuclei has not yet been performed. This study describes a new mapping procedure that is useful for the neuroanatomical characterization of the centrally mediated effects of leptin.
MATERIALS AND METHODS
Animals. Adult male Wistar rats (Tierzucht Schönwalde GmbH, Schön-walde, Germany), with an initial BW ranging from 180 to 210 gm, were housed in individual cages in the animal house (Max Rubner Laboratory, Bergholz-Rehbrücke, Germany) and used in accordance with ethics authorities and local regulations (ethics approval number 48-3560-1/2). Lights were on from 6:00 A.M. to 6:00 P.M., and room temperature (RT) was adjusted to 22 Ϯ 1°C. Animals had constant access to water and were fed standard lab chow available ad libitum. BW was monitored daily, and thereby the rats were handled at least once a day.
Intracerebroventricular cannulation of the lateral ventricle. Animals were anesthetized with intraperitoneal injections of a ketamine -xylazine solution [100 mg / kg BW Ketamin Gräub (Albrecht, Aulendorf, Germany); 10 mg / kg BW Rompun (2%; Bayer Vital, Leverkusen, Germany)]. During surgery, body temperature was kept constant at ϳ37°C using a self-regulating heating pad (Fine Science Tools, Heidelberg, Germany). A modified 23 gauge cannula (Braun, Melsungen, Germany) attached to a PP30 tubing (Portex, Hythe, UK) and a 1 ml syringe (Braun) was filled with pyrogen-free saline (Sigma, Deisenhofen, Germany) and inserted stereotaxically (Ultra Precise Small Animal Stereotaxic Instrument, model 963; David Kopf Instruments, T ujunga, CA) into the left lateral ventricle of the brain. With a general ϩ0.5 mm tooth bar adjustment, the coordinates used from bregma point were 0.4 mm posterior, 1.5 mm lateral, and 4 mm ventral (brain surface). Three small screws with a diameter of 1.4 mm (M1,4 V4A; Föhr Medical Instruments, Seeheim, Germany) were secured on the skull before the screws and the inserted cannula were embedded into dental cement. Finally, the cannula was sealed at the remaining opening with a plastic blocker, and the probe was checked daily during BW measurements to ensure that it remained sealed.
Accuracy of the cannula placement was tested by performing a drink test with a 50 ng intracerebroventricular bolus application of angiotensin II (Bachem Biochemica GmbH, Heidelberg, Germany) dissolved in 5 l of 0.9% pyrogen-free saline (Sigma). The cumulative water intake was monitored for the following 60 min. Only those animals that showed an adequate drinking response of 9.8 Ϯ 0.6 ml (n ϭ 35; mean Ϯ SEM) were used for additional studies. These drink tests were conducted 7-8 d after intracerebroventricular cannulation and 3-4 d before experimental stimulation.
Intracerebroventricular c ytok ine stimulation. On the day of experimental stimulation, BW of the rats reached 222.5 Ϯ 3.4 gm compared with 198.5 Ϯ 3.6 gm on the day of surgery (n ϭ 35; mean Ϯ SEM); hence, the rats had recovered from the surgical procedure and were gaining weight. In vivo cytokine stimulation was conducted in conscious animals with a 25 l Hamilton syringe attached to the intracerebroventricular cannula via PP30 tubing. The central treatments consisted of an intracerebroventricular bolus injection of either 3.5 g of recombinant murine leptin (kindly provided by Aventis Pharma, Frankf urt, Germany) or 200 ng of species homologous rat interleukin-6 (IL -6) (kindly provided by Dr. S. Poole, National Institute for Biological Standard and Control, Potters Bar, UK) (for details, see Rees et al., 1999) , both diluted in 5 l of pyrogen-free saline. The leptin and IL -6 doses used in this study were based on previous intracerebroventricular application experiments in which leptin proved to inhibit food intake by 40% at a dose of 4 g per rat (L uheshi et al., 1999) and in which IL -6 caused a maximum febrile response at a dose of 200 ng per rat (Lenczowski et al., 1999 ; our unpublished observations). In control experiments, 5 l of pyrogen-free saline alone was applied. Animals were then left 15-180 min before being deeply anesthetized with sodium pentobarbital (60 mg / kg BW Narcoren; Merial GmbH, Hallbergmoos, Germany) and transcardially perf used with 0.9% saline kept at RT, followed by ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. The animal's brains were removed and post-fixed in the same fixative for 1 hr at RT, and then the tissue was cryoprotected in 20% sucrose in phosphate buffer overnight at 4°C. Tissue was cut the following day.
Catal yzed reporter deposition amplification protocol for STAT3 detection. Initially, standard immunohistochemical procedures were used for STAT3 detection (rabbit anti-STAT3 antibody, sc-482; Santa Cruz Biotechnology, Heidelberg, Germany), resulting in a very weak and nonsatisf ying STAT3 signal. As shown in a recent publication investigating STAT3 distribution in the rat C NS, amplification procedures are a helpf ul tool to investigate STAT3 immunoreactivity (Strömberg et al., 2000) . Therefore, to enhance basal as well as cytokine-induced STAT3 signals in brain sections, we used a commercial tyramide amplification kit (N EL700; N EN Life Science Products GmbH, Köln, Germany) based on the catalyzed reporter deposition method. The specificity of the Santa Cruz Biotechnology STAT3 antibody used in the present study was clearly proven in a recent publication (Strömberg et al., 2000) . Our own preabsorption control experiments with the control STAT3 peptide (data not shown) confirmed these findings.
Coronal 20 -40 m free-floating hypothalamic sections (bregma levels, 0.00 to Ϫ4.80 mm) were cut on a freezing microtome (model 1205; Jung, Heidelberg, Germany) for double-and triple-labeling experiments, and 40 m free-floating sections of the forebrain, midbrain, and hindbrain were used for STAT3 detection alone. Sections were placed into 10% fetal calf serum and 0.3% Triton X-100 in 0.1 M phosphate buffer, pH 7.2, for 1 hr at RT. For tyramide signal amplification, sections were then transferred to the blocking reagent provided in the kit for 30 min at RT. This was followed by the primary STAT3 antibody incubation (1:12000 diluted in 0.1 M phosphate buffer, 2% fetal calf serum, and 0.1% Triton X-100) for 24 -48 hr at 4°C. The tyramide amplification protocol was continued according to the kit description but using a phosphate buffer system and not the suggested borate buffer. Primary STAT3 antibody was detected with a secondary biotinylated anti-rabbit antibody (Vector BA-1000; Linaris Biologische Produkte, Wertheim-Bettingen, Germany) for 1 hr at RT (diluted 1:200 in 0.1 M phosphate buffer and 2% fetal calf serum). The additional immunohistochemical processing was performed with an avidin -biotin -horseradish peroxidase complex (Vector Elite K it; Linaris Biologische Produkte), which was visualized by either diaminobenzidine hydrochloride (Sigma) reaction in the presence of hydrogen peroxide or fluorescein (FI TC)-conjugated avidin D (Vector A-200; Linaris Biologische Produkte).
Immunohistochemical colocalization studies and nuclear 4Ј,6-diamidino-2-phenylindole dilactate stain. In double-labeling experiments, coronal 20 -40 m free-floating hypothalamic sections already stained for STAT3 were coanalyzed using additional antibodies. A coincubation was performed with a 1:2000 mouse anti-glial fibrillary acidic protein (GFAP) antibody (M AB3402; Chemicon, Hof heim, Germany) and with a 1:200 mouse anti-adenomatous polyposis coli (APC) protein (OP80; Oncogene Research Products, C albiochem, Bad Soden, Germany). Both antibodies are used as cytoskeletal and cytoplasmatic markers of glia cells in the C NS for either astrocytes (GFAP) or mature oligodendrocytes (APC).
STAT3 detection was also combined with the immunohistochemical analysis of the immediate early gene Fos. Fos-like immunoreactivity was detected with an anti-c-fos antibody (sc-52; Santa Cruz Biotechnology) at a 1:500 -1:1000 dilution. In this experiment, both primary antisera were raised in rabbits, and therefore a consecutive detection of first STAT3 and then Fos was performed according to the method described previously by Shindler and Roth (1996) . In detail, STAT3 was visualized using the catalyzed reporter deposition amplification protocol with FI TCconjugated avidin D as described above. With a STAT3 antibody dilution of 1:12000 that proved to be below the detection limit of a fluorescentlabeled secondary antibody, yet being still sufficient for detection with the catalyzed reporter deposition amplification system, the STAT3 primary antibody was effectively neglected during the visualization steps necessary to detect the second primary Fos antibody. Fos-like immunoreactivity was then localized using a C y3-conjugated anti-rabbit (1:200 -1: 400) antibody (Sigma). All primary antibodies were diluted in 0.1 M phosphate buffer with 2% fetal calf serum and 0.1% Triton X-100, and the sections were incubated 12-48 hr at 4°C. The visualization for the monoclonal primary mouse antibodies were performed with a secondary C y3-conjugated anti-mouse (1:2000) antibody (Sigma).
In a final step, all sections were stained for 5 min at RT with the nuclear stain 4Ј,6-diamidino-2-phenylindole dilactate (DAPI) (Molecular Probes Europe BV, Leiden, Netherlands), which was diluted 1:400 in phosphate buffer.
Microscopical anal ysis. The free-floating sections were mounted onto gelatin-coated slides and for the enzyme-histochemical detection coverslipped with Entellan (Merck, Darmstadt, Germany), whereas for fluorescent detection, slides were coverslipped with Crystal / Mount (Biomedia, Foster C ity, CA). The sections were analyzed using a conventional Z eiss (Jena, Germany) Axioplan light microscope and a Z eiss confocal microscope. Confocal images were taken with an inverted Z eiss Laser Scanning Microscope (model L SM 410) attached to an internal heliumneon ion laser and two external lasers, one argon ion and one argon UV laser with individual excitation outputs of 543, 488, and 364 nm, respectively. Images were individually processed for the color channel red, green, and blue (RGB) using a 570 long-pass emission filter for C y3 detection (R), a 510 -525 bandpass emission filter for FI TC detection (G), and a 397 long-pass emission filter for DAPI detection (B). The images shown are the result of one optical section; the color images show individual color channels or the overlay of two of such individually taken RGB images. Image editing software (Adobe Photoshop; Adobe Systems, San Jose, CA) was used to change the graphic mode from RGB to C MYK (cyan, magenta, yellow, and black) and to combine the images into plates.
RESULTS

Intracerebroventricular leptin treatment induces a time-dependent nuclear translocation of STAT3 immunoreactivity within the hypothalamus
To investigate the basal and the leptin-induced hypothalamic STAT3 expression at the cellular level, immunohistochemical procedures were used. Basal STAT3 expression levels in the rat forebrain were evaluated in controls via intracerebroventricular pyrogen-free saline application and found to be highest in the caudal hypothalamus (Fig. 1 A) . In particular, ventrally located hypothalamic structures, such as the ARC (Figs. 1 A, 2A) , its adjacent periarcuate area (PAA), and areas ventral to the fornix in the LHA (Figs. 1 A, 2G) , were labeled. Weaker STAT3 immunoreactivity was observed in several other hypothalamic nuclei, such as the VMH, the DMH, the retrochiasmatic area (RCH), the PVN, the supraoptic nucleus (SON), and the medial preoptic area (MPO). By confocal microscopy and the nuclear DAPI stain, the subcellular distribution of the basal STAT3 expression was investigated. Under control conditions, STAT3 immunoreactivity was predominantly found in the cell cytoplasm and in nerve fibers ( Fig. 2 A-C , G-I, insets in B/C, H/I ), with nuclear STAT3 labeling being rarely detectable in the aforementioned hypothalamic structures.
The subcellular distribution and the intensity of STAT3 signals within some of these hypothalamic structures dramatically changed after the intracerebroventricular leptin administration. As shown in overview in Figure 1 B, leptin treatment led to a marked increase of STAT3 immunoreactivity in the caudal hypothalamus. Although all parts of the ARC seemed to be heavily labeled, a distinct subdistribution of the STAT3 signal became obvious for the VMH or the DMH, with dorsal (VMH) and ventral (DMH) parts being the most leptin-responsive hypothalamic targets besides the ARC. Within the PAA, the RCH, and the LHA, intense but more scattered labeling of individual medium-to large-sized neurons occurred. In addition, cells within the ependymal lining of the third ventricle, the adjacent periventricular nucleus, and in ventrally located meninges showed strong STAT3 immunoreactivity. A subcellular analysis of the leptin-induced STAT3 signals revealed that a massive shift of STAT3 immunoreactivity from the cytoplasm into the cell nucleus occurred 30 min after the intracerebroventricular leptin application, as shown for example within the ARC (Fig. 2 D-F , inset in E/F ) or the LHA (Fig. 2 J-L , inset in K/L). Such a nuclear translocation of STAT3 was observed in various hypothalamic but also extrahypothalamic forebrain structures (Table 1) . Besides the induction of this intense nuclear STAT3 signal, intracerebroventricular leptin treatment additionally induced a massive increase of the STAT3 signal in nerve fibers and axons, being most prominent within the ARC (Fig. 2 D, F , inset in E/F ) and the ventral LHA (Fig. 2 J 
The time dependency of this nuclear STAT3 translocation is demonstrated for the ARC using a post-application period ranging from 15 to 180 min (Fig. 3) . Compared with the basal STAT3 expression in the control (Fig. 3A) , intracerebroventricular leptin b Relative values are given as qualitative estimates of the densities of nuclear STAT3 labeling. A four-point scale was used to rate the data: ϩϩϩ, high density; ϩϩ, moderate density; ϩ, low density; Ϫ, no nuclear signal. The data are based on the light microscopical analysis of representative animals treated with 30 min intracerebroventicular (i.c.v.) application of leptin, IL-6, or pyrogen-free saline (Control). application rapidly induced a nuclear translocation of STAT3 immunoreactivity already present at 15 min (Fig. 3B) , which became even more pronounced at 30 min (Fig. 3C ). When using post-application periods longer than 30 min, the high intensity of the STAT3 signal present at 30 min slowly decreased ( Fig. 3D-F ) , with only a small number of STAT3-positive cell nuclei being left 180 min after leptin treatment (Fig. 3F ).
Intracerebroventricular leptin treatment shows a nuclear STAT3 translocation pattern distinct from that induced by intracerebroventricular interleukin-6 application
The specificity of the leptin-induced nuclear STAT3 translocation in distinct forebrain structures was additionally checked using IL-6, another cytokine also capable of activating the Jak-STAT3 signal transduction pathway. Indeed, for both cytokines, a specific pattern of nuclear STAT3 translocation became obvious within the rat forebrain (Fig. 4, Table 1 ). Whereas in controls most (extra)hypothalamic structures proved to be devoid of nuclear STAT3 labeling, both intracerebroventricular leptin and intracerebroventricular IL-6 induced a shift of the STAT3 signal into the cell nucleus (Table 1) . However, the densities of nuclear STAT3 labeling and the brain sites affected were different for the two cytokines. Whereas leptin seemed to predominantly target ventral parts of the caudal hypothalamus, IL-6 additionally induced a massive STAT3 translocation in the rostral hypothalamus, in particular within the MPO and its ventromedial part, the VMPO (Fig. 4B , inset in A/B), which was not detectable in the leptintreated animals (Fig. 4 A ) . When looking at other forebrain structures, the two cytokine stimuli expressed a differing pattern of nuclear STAT3 translocations. This included the anterior piriform cortex (PIR), which showed a high density of nuclear STAT3-labeled layer II neurons in the intracerebroventricular leptin but not in the intracerebroventricular IL-6-treated animals ( Fig. 4C,D) , and also the SON (Fig. 4 E, F ) and some thalamic nuclei (Table 1) in which IL-6 but not leptin induced a nuclear translocation of STAT3 immunoreactivity. In the caudal hypothalamus, the overall pattern of STAT3 immunoreactivity induced by leptin or IL-6 again proved to be different (Fig. 4G,H ). Whereas leptin induced nuclear STAT3 translocation in medial and lateral parts of the ARC as well as in dorsal parts of the VMH, IL-6 did not lead to STAT3 translocation in the medial ARC and only to a minor nuclear labeling in the dorsal VMH.
Leptin-induced nuclear STAT3 immunoreactivity within the piriform cortex and the hypothalamus does not colocalize with glial cell markers
For the light microscopic analysis, the enzyme immunohistochemical STAT3 detection was combined with cresyl violet counterstaining, indicating a predominant neuronal location of the STAT3 immunoreactivity under both basal and leptin-stimulated conditions within the hypothalamus (data not shown). However, Under basal control conditions, STAT3 immunoreactivity is detectable in all subnuclei of the ARC and is predominantly located in the cytoplasm and nerve fibers of ARC neurons ( A). As soon as 15 min after leptin application, a massive increase in nuclear STAT3 labeling is detectable in all parts of the ARC ( B), which becomes even more pronounced after 30 min ( C). However, 60 -180 min after leptin application ( D-F), the nuclear STAT3 signal slowly starts to decrease again, which is indicated by the shift from a sharp-edged round-shaped STAT3 signal in the nucleus (B, C) to a more blurred and less defined nuclear labeling and a decrease in the intensity of STAT3 immunoreactivity ( D-F). V III , Third ventricle; ME, median eminence. Scale bar, 50 m.
non-neuronal, nuclear STAT3 labeling was also detected, e.g., in ependymal and meningeal cells, and also near to the probe site in small, noncircular-shaped cell nuclei, which presumably belonged to glial cells (Table 1) . Former electron microscopic investigations have shown that, within the brain tissue, leptin receptors are located on both neurons and glia. It was therefore of importance to analyze the cell types in which intracerebroventricular administration of leptin induced nuclear translocation of STAT3. To demonstrate the cellular origin of the STAT3 signals, doublelabeling experiments combining the STAT3 detection with the immunohistochemical localization of the cytoskeletal and cytoplasmatic glial cell markers GFAP (Fig. 5A-E) and APC (Fig. 5F ) were performed after intracerebroventricular leptin application. The size and shape of the STAT3-stained nuclei within most cells of the PIR (Fig. 5A ) and the hypothalamus (Fig. 5B-F ) again indicated a predominant neuronal cell origin. Indeed, no cellular colocalization of the nuclear STAT3 signal was found within the astrocytes in layer II of the anterior PIR (Fig. 5A ) or within the astrocytes in the main hypothalamic leptin targets, such as the ARC (Fig. 5B ), the LHA (Fig. 5C ), and the DMH and VMH (Fig. 5 D, E) . In addition, leptin-induced nuclear STAT3 signals within the VMH did not colocalize with the cytoplasmatic labeling of oligodendrocytes (Fig. 5F ). Within the most intense nuclear STAT3-labeled hypothalamic regions, in no single case did a colocalization occur, suggesting that glia cells in these areas may express a leptin receptor isoform that is not capable to activate the full cytokine specific Jak-STAT pathway.
Nuclear STAT3 and Fos immunoreactivity colocalizes only in a subset of leptin-responsive forebrain neurons
In double-labeling experiments, the leptin-induced nuclear STAT3 immunoreactivity within the forebrain was compared with the Fos response 60 min after intracerebroventricular leptin application. The time point used in these experiments was chosen as a compromise between the time necessary for nuclear translocation of STAT3 (15-30 min) (Fig. 3) and the time known to show the first peak of the nuclear Fos signal (90 min) in neurons.
A clear difference between the number of STAT3-stained ( green nuclei) versus Fos-stained (red nuclei) nuclei could be detected, with more STAT3-stained than Fos-stained nuclei after central leptin treatment (Fig. 6 A-G, I , J ). Individual detection of STAT3 and Fos immunoreactivity (Fig. 6 A-D) showed a similar distribution of nuclear signals in layer II of the PIR (Fig. 6 A, B ) but distribution differences within the caudal hypothalamus. STAT3 was predominantly induced in medial parts of the ARC and dorsal aspects of the VMH (Fig. 6C ), whereas nuclear Fos was mainly detectable in the ventrolateral ARC and the adjacent periarcuate area (Fig. 6 D) . At higher magnification, nuclear STAT3 and Fos immunoreactivity proved to be colocalized ( yellow nuclei) only in a subset of neurons of the anterior PIR (Fig.  6 E) , the ventrolateral ARC (Fig. 6 F) , and ventral parts of the DMH (Fig. 6 I) . Minor colocalization of the two nuclear signals was detected within the LHA (Fig. 6G ) and the dorsal part of the VMH (Fig. 6 J) .
DISCUSSION
The ventrobasal hypothalamus has been described as the primary central leptin target involved in the control of food intake and energy balance. Many physiological responses regulated by leptin, such as the inhibition of appetite via intracerebroventricular leptin treatment in rats, characteristically start with some delay and show long-lasting effects (Cusin et al., 1996; Woods et al., 1998) . This is in agreement with the long-duration intracellular genomic mode of the Jak-STAT signaling pathway downstream to Ob-Rb receptor activation (Schindler and Darnell, 1995; . Thus, it is likely that the weight-reducing effects of leptin are mediated via the Jak-STAT signal transduction of hypothalamic Ob-Rb receptors.
The leptin-induced nuclear STAT3 pattern matches with Ob-Rb receptor expression in the ventrobasal hypothalamus
One open question in the past was whether the extensive distribution of the Ob-Rb receptor within the rodent hypothalamus, detected via in situ hybridization techniques (Mercer et al., 1996; Fei et al., 1997; Guan et al., 1997; Elmquist et al., 1998a) or immunohistochemistry Baskin et al., 1999) , really represents the active leptin receptor isoform. With the Ob-Rb receptor being the major brain-intrinsic leptin receptor isoform capable of full activation of the Jak-STAT signaling cascade, (Chen et al., 1996; Lee et al., 1996) the characterization of the leptin-induced nuclear STAT3 translocation could be a functional proof of active Ob-Rb expression. Indeed, our results demonstrate a leptin-induced nuclear STAT3 translocation in the rat hypothalamus. The hypothalamic location of strong Ob-Rb receptor expression on both mRNA and protein level described in the literature (Mercer et al., 1996; Elmquist et al., 1998a; Baskin et al., 1999) matches with the most intense nuclear STAT3 signals detected in the present study, and this overlap becomes even more evident in distinct subnuclei of the ventrobasal hypothalamus. In detail, all ARC subnuclei, a caudal DMH subnucleus located ventrolaterally to its compact formation and the dorsomedial part of the VMH, can be regarded as functionally active major hypothalamic leptin targets. Hypothalamic structures described to express less intense Ob-Rb mRNA levels, such as the LHA, the perifornical area, the periventricular nucleus, the parvocellular part of the paraventricular nucleus, the posterior hypothalamic nucleus, and the medial mammillary body (Elmquist et al., 1998a) , showed an individual spread and/or a weaker nuclear STAT3 response in our study. Although for the above mentioned structures a relative clear-cut match of nuclear STAT3 signals and Ob-Rb expression was demonstrated, discrepant cases also existed. Strong leptin receptor immunoreactivity was found in the SON ; however, leptin treatment failed to induce a nuclear STAT3 translocation there. This suggests that these immunohistochemically identified SON leptin receptors are not able to induce leptin-dependent signaling because they do not represent the active full-length receptor variant. The present data also neuroanatomically confirm the finding of Vaisse et al. (1996) and McCowen et al. (1998) that leptin induces STAT3 phosphorylation in the rodent hypothalamus in vivo. Furthermore, the time course evaluated in the present study with nuclear STAT3 translocation already present at 15 min and being maximal at 30 min is identical to that reported with biochemical and molecular-biological approaches (Vaisse et al., 1996; McCowen et al., 1998) . So in summary, our experiments further extend these studies by mapping the functionally active hypothalamic leptin targets, with their exact neuroanatomical localization being essential for the understanding of leptin-induced physiological responses. The leptin-induced nuclear STAT3 pattern is distinct from that induced by interleukin-6
The specificity of the leptin-induced STAT3 translocation was verified with intracerebroventricular treatment of the endogenous pyrogen IL-6. Central IL-6 administration elicits a variety of (patho)physiological functions, such as the reduction of food intake and locomotor activity, the activation of the hypothalamic-pituitary-adrenocortical axis, and the mediation of fever responses (Lenczowski et al., 1999) . The IL-6 receptor has been described to act through similar signaling pathways as the Ob-Rb receptor, that is by altering gene expression via STAT3 binding to gene promoter regions Takeda and Akira, 2000) . Indeed, intracerebroventricular IL-6 application also induced nuclear STAT3 translocation but with a pattern clearly different from that induced by leptin treatment. Whereas leptin proved to be almost ineffective in rostral hypothalamic regions such as the preoptic area, IL-6 induced a strong nuclear STAT3 translocation in the MPO, especially in its ventromedial part. Not surprisingly, these brain regions have been reported previously to participate in the central control of body temperature and fever regulation (Saper, 1998) . Within the MPO, the observed IL-6-induced nuclear STAT3 staining pattern 15-30 min after intracerebroventricular application was similar to that seen with Fos analysis 2 hr after endotoxin (lipopolysaccharide) treatment (Elmquist et al., 1996) , suggesting a STAT3 action upstream of Fos induction in those neurons.
STAT3 immunohistochemistry: a novel tool to map neurons responding to leptin
Leptin binding to the Ob-Rb receptor leads to nuclear translocation of the activated STAT3 isoform and finally induces transcrip- A and B) clearly showed that only a small (Figure legend continues.) tional activation of genes (Ihle, 1996; Takeda and Akira, 2000) , among them the immediate early gene c-fos (Elmquist et al., 1997 (Elmquist et al., , 1998b Banks et al., 2000) and the SOCS-3 gene (Bjorbaek et al., 1998; Elias et al., 1999) . Fos immunohistochemistry has been thoroughly used to investigate leptin actions on the brain. Systemic (Elmquist et al., 1997 (Elmquist et al., , 1998b Wang et al., 1998; Elias et al., 2000; Wilkinson et al., 2000) but also central leptin treatment (van Dijk et al., 1996; Niimi et al., 1999) induced Fos expression in the ventrobasal hypothalamus, with a similar pattern also detected in the present study. However, using Fos analysis, certain hypothalamic Ob-Rb receptor populations seemed to be inaccessible to leptin treatment. One hypothalamic structure in which a discrepancy of high Ob-Rb expression level (Elmquist et al., 1998a; Baskin et al., 1999) with the lack of Fos activation became most evident is the ventromedial ARC (Elmquist et al., 1997 (Elmquist et al., , 1998b Elias et al., 1998) . Because inhibitory responses in neurons may not be associated with Fos expression (Chan et al., 1993; Elmquist et al., 1998b) , SOCS-3 mRNA expression was consequently used as the first neuroanatomical approach to identify direct leptin-responsive neurons (Bjorbaek et al., 1998; Elias et al., 1999) . Within the rat ventrobasal hypothalamus, leptin treatment induced a SOCS-3 expression in areas with high densities of Ob-Rb receptors (Bjorbaek et al., 1998) . Both hypothalamic distribution patterns, the leptin-dependent SOCS-3 expression and the constitutive Ob-Rb receptor expression, again resemble the leptin-induced nuclear STAT3 pattern found in the present study. In particular, the SOCS-3 expression and the nuclear STAT3 signals proved to be almost identical in the caudal DMH ventral to its compact formation, as well as in all parts of the ARC, including medial subnuclei, which have been demonstrated to lack a Fos response after leptin treatment. The data collected with both methods, the detection of SOCS-3 mRNA expression and the STAT3 immunohistochemistry, strongly suggest that, unlike Fos immunohistochemistry, these two methods are functional mapping procedures for all leptin targets, whether or not cells are activated or inhibited by leptin.
Recent electrophysiological data have clearly demonstrated an inhibitory leptin action on the neuronal discharge rate of orexinsensitive ARC neurons, suggesting that neuronal inhibition and not activation is the predominant mode of leptin action in this nucleus. Although in many cases a leptin-induced direct inhibition of neuronal activity in the ARC occurred, some direct activation of neuronal activity also existed (Rauch et al., 2000) . In any case, the neuronal discharge rate was rapidly changed in these experiments and therefore, at least initially, these changes occurred independently from genomic effects, e.g., the leptininduced Fos expression or gene regulation via binding of phosphorylated STAT3 dimers to distinct promoter regions. The putative participation of the STAT3 molecule and its mode of action in such nongenomic, fast neuronal leptin effects remains to be elucidated; however, the intense nerve fiber and axonal STAT3 labeling occurring after leptin application favors the hypothesis of an involvement of axodendritic neuronal processes in fast responses to leptin. In line with electrophysiological data, less Fos-stained than STAT3-labeled cell nuclei may indicate that leptin predominantly induces neuronal inhibition rather than activation in those structures (Spanswick et al., 1997; Rauch et al., 2000) . It should be mentioned, however, that these results could also be a reflection of the 60 min time point used in the present study, it being a compromise between the peak of leptin-induced nuclear STAT3 (15-30 min) and nuclear Fos expression (90 min). Those neurons that showed both a nuclear Fos and a STAT3 signal proved to be a minor subpopulation of all STAT3-responsive cells and should be classified as directly activated neurons. Such double-labeled neurons seemed to be prominent in the ventrolateral part of the ARC and in the caudal DMH in a subnucleus ventral to its compact formation. In contrast, within the dorsomedial VMH and in particular within the ventral LHA, only minor colocalization was found, possibly reflecting independent leptin target entities and pathways in the very same nuclei.
